Graphene has attracted increasing interests due to its remarkable properties, however, the zero band gap of monolayer graphene might limit its further electronic and optoelectronic applications. Herein, we have successfully 
Introduction
Graphene, a two-dimensional (2D) material discovered in 2004 1 with many remarkable properties, such as anomalous quantum hall effect, high electron mobility at room temperature, excellent thermal conductivity, 97.7%
transmittance of visible light and so on, has attracted wide attention to various applications in electronic and optoelectronic area. [2] [3] [4] [5] [6] Although enormous efforts have been devoted to the research and potential applications of graphene, its intrinsic property of zero band gap casts great obstacles on its further applications. Therefore, many approaches have been taken to overcome this disadvantage. [7] [8] [9] [10] [11] Among such methods, doping is taken as one of the most feasible ways to open the band gap of graphene and tailor its electrical properties, for the reason that doping can break the symmetric structure of graphene. Hydrogenated graphene has been carried out to open the band gap of graphene, 12 which could reach as large as 5.4 eV via controlling the coverage and configuration of hydrogen atoms on the surface of graphene. 13 Unfortunately, the distribution and the number of hydrogen absorbed on the graphene have a significant influence on the stability of hydrogenated graphene, leading to unsustainable controlled electrical properties. 14 Compared with hydrogenation, substitutional doping will destroy the symmetric structure of graphene by replacing the hexagonal carbon atoms with dopant atoms such as N, B and Bi, [15] [16] [17] [18] which could make the electrical properties tailored more stable in theoretical predication. In practical, N-doped graphene can be controllably realized, such as annealing in NH 3 atmosphere, reaction using pyridine, which would open the band gap of graphene and shift the Fermi level into conduction band. [19] [20] [21] [22] By chemical vapor deposition (CVD) synthesis or thermal exfoliation of graphite in the atmosphere/solution comprising boron atoms, B-doped graphene can be achieved. [23] [24] [25] In particular, the band gap of graphene opened could reach about 0.7 eV via nitrogen and boron combined doping, 26, 27 but the maldistribution of small BN domains will impede the application of this material in nanoscale optoelectronic devices. 28 Unlike N-doped and B-doped graphene, as an element in the same main group with carbon, silicon doping is expected to open the band gap of graphene while doesn't affect the carrier concentration. To now, silicon doped graphene (SiG) has not been well-explored both theoretically and experimentally. So far, periodic density functional theory calculations of SiG shows that the band gap will become larger with the number of dopant atoms (silicon atoms) increasing when the ratio of silicon atoms in unit cell is less than 0.5, and it will exceed 2 eV while the ratio reaches 0.5. 29 Moreover, SiG might have potential applications in gas sensors because it is more reactive when absorbing a bit of gas molecules like CO, NO 2 , rhodamine B (RhB) and methylene blue (MB). [30] [31] [32] [33] higher than that of the solar cell based on graphene/GaAs hetestructure in average.
Results and discussion
The optical image of SiG transferred to SiO 2 /Si wafer is shown in Fig. 1a, while the inset displays the structure of SiG. From this photograph, we can see the transferred SiG is homogeneous on centimeter scale. As Raman spectra of
SiG and graphene film shown in Fig. 1b , there are three main peaks assigned in the spectroscopy, i.e. D peak (1354 cm -1 ), G peak (1593 cm -1 ) and 2D peak (2793 cm -1 ). In the Raman spectrum of graphene, the intensity ratio of 2D peak to G peak (I 2D /I G =2.9) can be regarded as a typical feature of single layer graphene. Besides, the weak D peak indicates the high quality of as-synthesized graphene. Due to the absorption of water and oxygen, the position of G peak shifts to 1593 cm -1 , ndicating the graphene is p-doped. 34 No significant shifts of G peak and 2D peak can be seen in the Raman spectrum of SiG when compared with that of graphene. However, there is a strong D peak appeared in the spectrum of SiG. This phenomenon might be caused by the insertion of silicon atoms in the graphene lattice which breaks the symmetric structure of graphene 14 (the inset in Fig. 1a) . Moreover, the strengthening of the intensity of D peak decreases the intensity ratio of 2D peak and G peak. Fig. 1c and Fig. 1d illustrate the XPS spectra of silicon doped and pristine graphene films. The SiG and graphene membranes measured were transferred to Ge substrate so that to avoid the influence of silicon in the Si/SiO 2 substrate. As shown in substrate was measured by AFM, which is depicted in Fig. 2c . From the image,
we can see that the membrane is almost smooth in the whole area except the edge region where there are some folded and crack areas caused by the transfer process. Besides, the height of the SiG (0.37 nm) is similar to that of monolayer graphene (0.35 nm). and water molecules which caused the graphene to be p-doped. 34 Besides, the carrier mobility (µ) can be deduced by equation (2):
where C BG is the gate capacitance per unit area (11.5 nF⋅ cm -2 for 300 nm All of these different electrical properties of SiG may result from the silicon dopants, which replace some carbon atoms in graphene lattice and generate defects in graphene (as indicated by Raman spectrum in Fig. 1b) . These foreign atoms behaved as scattering centers, thus decreasing the mobility and the conductivity of graphene. 21 Since the silicon atoms have formed the covalent bond with carbon atoms in graphene lattice, the symmetric structure was broken, thus opening the band gap of graphene. In order to evaluate the value of the band gap opened by silicon doping, the first-principle calculations were performed to investigate the electronic structure of SiG. As shown in Fig. 4a , the initial atomic configuration is optimized before band energy calculation, and the percentage of silicon atoms is 3.125% in the SiG sheet. The band structure illustrated in Fig. 4b shows a remarkable band gap at K point with a value of about 0.28 eV. To further explore the potential application of SiG, we used this material to fabricate the SiG/GaAs solar cell. Fig. 5a shows the schematic structure of the solar cell, which comprises silver electrode, SiG membrane, SiNx and GaAs.
SiG was transferred to GaAs by wet transferring process. Due to the work function difference between SiG and n-GaAs, the holes in work function difference between SiG and n-GaAs, the holes in GaAs move to SiG and the electrons are left in GaAs, thus forming a Schottky junction with a depletion region in GaAs. When the photons are absorbed in GaAs, the electron-hole pairs are generated and separated by the build-in barrier in the depletion region, leading to the electrons and holes collected by GaAs and SiG, respectively, as shown in Fig. 5b . GaAs (χ GaAs ), which is expressed as φ SBH =φ gr -χ GaAs . With the increasing of ϕ gr , ϕ SBH becomes larger. According to the UPS in Fig. 3a , the work function of SiG is 0.13 eV larger than that of graphene, contributing to augment of ϕ SBH , leading to the improvement of V oc . Besides, the dark J-V curve of silicon doped and pristine graphene/GaAs (See Fig. S3 †) are described in equation (3):
where J is the current density across the graphene/GaAs interface, q is the value of electron charge, η is the ideality factor, K is the Boltzmann constant, T is the temperature, J s is the saturation current density expressed by equation (4):
where A is the effective Richardson's constant of GaAs (8.9 A/k⋅ cm 2 ). 41 The J s of graphene/GaAs deduced from eqn (3) 
Characterizations of SiG
Raman spectra of SiG and pristine graphene membrane were carried out with a Renishaw micro-Raman spectrometer at 532 nm excitation wavelength with 50 × objective. The ultraviolet photoelectron spectroscopy (UPS) measurements of SiG and pristine graphene were directly taken on graphene above the copper, while the X-ray photoelectron spectroscopy (XPS) was taken on SiG and graphene transferred onto Ge substrate. The suspended SiG membrane was transferred to the carbon transmission electron microscope (TEM) grid for morphology measurement using TEM (Tecnai F-30 operating at 300 KV), while the thickness of SiG was investigated by atomic force microscopy (AFM) (Veeco MultiMode).
Fabrication and characterization of effect field transistor (FET)
After cleaning the SiO 2 /Si (300 nm/500 µm) substrates in the acetone (5 min) and isopropanol (5 min) solvents, the silicon doped and pristine graphene were transferred to the surface of SiO 2 /Si substrates. Then the In-Ga alloy was pasted onto the surface of silicon to be used as the back electrode, while the Cr/Au (5 nm/60 nm) was thermally deposited on the surface of silicon doped and pristine graphene for the source and drain electrodes respectively. The transfer characteristics were measured by Agilent B1500A system.
Fabrication and characterization of solar cell
Cr/Au (5 nm/60 nm) was thermally deposited on GaAs for the back Ohmic 
Simulation of the band gap of SiG
The first-principle calculations were performed using a plane wave open source code QUANTUM-ESPRESSO 42 with the PBE exchange-correlation, Vanderbilt ultrasoft pseudopotentials, and a kinetic energy cutoff energy of 50
Ry. 43 Visualization was performed using VESTA. 
